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PHENOMENA OF TIME RESONANCES EXPLOSIONS FOR
THE COMPOUND-CLOT DECAYS IN HIGH-ENERGY
NUCLEAR REACTIONS
V.S.Olkhovsky
∗
, M.E.Dolinska, S.A.Omelhenko
Institute for Nulear Researh, National Aademy of Sienes of Ukraine
prosp. Nauki, 47, Kiev-28, 03680, Ukraine
The phenomenon of time resonanes (or explosions) an explain the exponential redution of the energy,
whih is aompanied for the ertain degree by slight utuations under some onditions in the range of
the energy strongly overlapped ompound-resonanes. These resonant explosions orrespond to formation of
several highly-exited non-exponentially deaying nulear lots (partial ompound nulei onsisting of several
small groups of projetile nuleons and targets). This paper is a ontinuation and expansion of theoretial
authors' work, whih is a more general self-onsistent version of the time-evolution approah in omparison
with the traditional Izumo-Araseki time ompound-nuleus model.
PACS numbers: 25.00.00; 25.90.+k; 03.65
1 INTRODUCTION. PRELIMINARY REMARKS.
There had been observed strutureless, exponentially deaying inlusive and not inlusive energy spetra, often
aompanied by slight osillations, throughout the studied range of projetile energies and projetiles, targets
and registered nal fragments for not very heavy projetiles (from p to
20Ne) with projetile energies above
0.1 - 1 Gev/nul (for example, [1-8℄). These phenomena for heavier projetiles were observed even for smaller
energies (for instane, [9℄). In ertain degree the reball models [1,5℄ an be used suessful in the analysis of
heavy-ion reations with energies up to 1 GeV/nul, and also intranulear asade model [10℄ and in the nulear
uid model [11℄ had worked rather well at higher energies, all of them suggesting formation of high-density
ollision omplexes. The diulties of the reball models is why a statistial equilibrium is formed even in high
exitations (above 100 MeV-nul). The given paper is ontinuation and expansion of our previous theoretial
paper[12℄. Our work is based on the theoretial methods given in [13-17℄.In this paper is given muh more
alulation results than in [12℄, whih were arried out on the basis of the author's approah.
2 JUXTAPOSITION OF ENERGY AND TIME RESONANCES.
2.1. ENERGY RESONANCES.
Firstly we reall how in the ross setion of a reation α→ β,a typial Lorentzian (Breit-Wigner) resonane
is onneted with an exponential law of the deay funtion of the orrespondent ompound nuleus. The reation
amplitude fαβ(E) is represented as
fαβ(E) =
Cαβ
E − Eγ + iΓ/2 (1)
where Cαβ is an almost onstant or a smooth funtion of the nal-partile kineti energy E in the region
(Eγ − Γ/2, Eγ + Γ/2); in general, it depends on the angular oordinates of the emission diretion, Eγ and Γ
being the resonane energy and width respetively, let us onsider the evolution of the nal-partile wave paket.
In the one-dimensional radial asymptoti limit, suh form is fair
∗
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Ψβ(rβ , t) = r
−1
β
∞∫
0
dE g(E)fαβ(E) exp[ikrβ − iEt/h¯] (2)
where g(E) is a smooth weight amplitude with an energy spread ∆E (usually ∆E ≪ Eγ), mβ and γβ are
the nal-partile mass and radial oordinate respetively, and k = (2mβ · E)1/2/h¯ . The one-dimensional wave
paket for short-ranged interations (inluding also sreened Coulomb potentials), as it was shown in [17℄, is
Ψβ(zβ , t) =
∞∫
0
dE g(E)Tαβ(E) exp[ikzβ − iEt/h¯] (3)
with Tαβ(E) = Nβ(E)fαβ(E), Tαβ(E) is the T -matrix elements onneted with the S -matrix elements by known
relation Tαβ = δαβ − Sαβ , Nαβ(E) is an unessential smooth funtion of E, zβ is the axis along the diretion of
the nal-partile emission imposed by the registration geometry, zβ ≥ Rβ is the interation radius in the nal
hannel. The evolution of the partile β passing through position zβ during the unitary time interval, entered
at t , is desribed by the probability ux density
jβ(zβ , t) = Re[Ψβ(zβ, t)(ih¯/2mβ)∂Ψ
∗
β(zβ , t)/∂zβ]. (4)
with the adequate normalization
∞∫
−∞
jβ(zβ, t)dt = 1 (5)
In the simplest ase an be x zβ = Rβ and use
Ψβ(Rβ , t) =
∞∫
0
dE g(E)T∼αβ(E) exp[−iEt/h¯] (6)
where T∼αβ(E) = Tαβ exp(ikRβ) is a smooth funtion of E : in aordane with the analytial S -matrix theory (see
[19, 20℄), Tαβ(E) ontains the fator exp(−ikRβ) and onsequently this fator is being anelled by exp(ikRβ)
in T∼αβ(E). For ondition
Γ≪ ∆E ≪ Eγ (7)
one an rewrite (6) in the following simplied form
Ψβ(Rβ , t) = A
∞∫
0
dE
exp[−iEt/h¯]
E − Eγ + iΓ/2 (8)
where A is a onstant. In the approximation (7) one an obtain
Ψβ(Rβ , t) =
{
B exp
−iEt
h¯
− (Γ/2h¯)t for t > 0;
0, for t < 0.
(9)
(moving the lower integration limit in (6) from 0 to −∞ and utilizing the residue theorem). Here B is a onstant
and more preisely there must be t− tin (with tin = h¯(∂ arg(g)/∂E)) instead of t.
The emission probability (per a time unit) in the viinity of the ompound nuleus (near zβ = Rβ )
I(t) =
jβ(Rβ , t)
+∞∫
−∞
jβ(Rβ , t) dt
(10)
is equal to
I(t) = (Γ/h¯) exp(−Γt/h¯) (11)
2
In obtaining (11) we took into aount that
lim
zβ→Rβ
(−ih¯/mβ)Tαβ ∂[exp(ikzβ)]
∂zβ
= νT∼αβ (12)
(ν = h¯k/mβ). If Ψβ(Rβ , t) has a form (9), the Fourier-transform of Ψβ is equal to:
∞∫
0
dt Ψβ(Rβ , t) exp[−iEt/h¯] = B
∞∫
0
dt exp[−i(E − Eγ)t/h¯− (Γ/2h¯)t] = iB
E − Eγ + iΓ/2 (13)
whih is proportional to the amplitude from (1).
For zβ > Rβ one an rewrite (3) in a following way:
Ψβ(zβ , t) =
∞∫
0
dk
G(k)D(k)
(k − k0)(k + k0) exp[ikzβ − iEt/h¯] (14)
with
G(k) = g(h¯2k2/2mβ)
dE
dk
,
D(k) = (2mβ/h¯
2)Nβ(E)Cαβ ,
k0 = (1/
√
2) · (
√√
k4γ + γ
2 + k2γ)− i(
√√
k4γ + γ
2 − k2γ),
kγ =
√
2mβEγ/h¯, γ = Γmβ/h¯
2.
Sine G(k) and D(k) are smooth funtions of k :
Ψβ(zβ, t) ∼=
∞∫
−∞
dk
G(k)D(k)
(k − k0)(k + k0) exp[ikzβ − iEt/h¯] (15)
under the ondition (7) and then, introduing a new variable
y =
√
ih¯t
2mβ
(k − mβzβ
h¯t
) (16)
and after performing the transformations quite similar to those whih were used in [21-23℄ it is possible to
obtain:
Ψβ(Rβ , t) =
{
0, for zβ > νγt;
const exp[ikγzβ − iEγt/h¯− (Γ/2h¯)(t− zβ/νγ)], for zβ ≤ νγt. (17)
with νγ = h¯k/mβ. The wave funtion (17) an be applied for marosopi distanes zβ, near a detetor whih
registers partiles β.
Let us remember that an exponential law (11) and also the asymptoti (17) are valid only under onditions
(7), i.e. when all energies (or ontinuum states) around Eγ are ompletely populated in the large region with
the width ∆E ≫ Γ. If, on the ontrary,
∆E ≪ Γ (18)
the emission probability is non-exponential and does essentially depend on ∆E and the form of g(E). If one will
take the Lorentzian form also for g(E), i.e
g(E′) =
g0
E′ − E + i∆E/2 (19)
with g0 = const or smooth inside ∆E under onditions (7) and (18), instead of (17) the expression
Ψβ(Rβ , t) =

0, for zβ > νγ(t− t0in);
const
E − Eγ + iΓ
2
exp[ikzβ − iEγt
h¯
− ∆E
2h¯
(t− zβ
ν
− t0in)], for zβ ≤ νγ(t− t0in). (20)
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(with ν = h¯k/mβ and t
0
in = h¯
∂ arg g0
∂E
) will be obtained. The ross setion σαβ , whih is proportional to
σαβ ∼
∞∫
tmin
dtjβ(zβ, t) (21)
where tmin = zβ/ν + t
0
in, (tmin,∞) being the operative registration time interval of detetor, after integrating
in (21) aquires the Breit-Wigner form
σαβ = |fαβ |2 = const
(E − Eγ)2 + Γ2/4 . (22)
2.2. TIME RESONANCES.
Let us use the same method in the ase when
T∼αβ(E) = T
∼n
αβ exp(−Eτn/2h¯+ iEtn/h¯) (23)
with Emin < E < ∞, where τn and tn are onstants (with the time dimension), τn and tn determine the
exponential dependene on energy for the orrespondent ross setion and the linear dependene on energy for
the amplitude phase respetively. T∼nαβ is a onstant or a very smooth funtion (inside ∆E) of the nal-partile
energy E. Here the ne resonane struture of T∼nαβ is not taken expliitly into aount yet, supposing it totally
smoothed out by the energy spread (and resolution) ∆E, and also assuming that ∆E << 2h¯/τn .
In this ase, one an write instead of (6) and (8-9)
Ψβ(Rβ , t) ≈
∞∫
Emin
dE′A′ exp[−E′τn/2h¯+ iE′(tn − t)/h¯] (24)
with A′ = T∼nαβ g(E
′). Using the simplest retangular form of g(E′), i.e.
g(E′) =
{
(∆E)−1/2 exp (i arg g), for Emin ≤ E − (∆E)/2 < E′ < E + (∆E)/2;
0, for E′ < E − (∆E)/2 and E′ > E + (∆E)/2. (25)
with arg g being a smooth funtion of E inside ∆E, one gets
Ψβ(Rβ , t) =
const
t− tn + iτn/2 exp[E(−τn/2 + i(tn − t))/h¯]·
·[exp[∆E(−τn/2 + i(tn − t)/2h¯)]− exp[−∆E(−τn/2 + i(tn − t)/2h¯)]]
(26)
When all energies levels in the large area beginning with Emin, are ompletely lled, i.e.{
(E +∆E/2)τn/2 → ∞ and
E +∆E/2 → Emin, (27)
one arrives to
Ψβ(Rβ , t) =
const
t− tn + iτn/2 exp[Emin(−τn/2 + i(tn − t))/h¯]. (28)
It is natural suh a behavior of Ψβ(Rβ , t) to all a time resonane beause of the Lorentzian form of the fator
1
t− tn + iτn/2 in (28), or an explosion (for small values of τn). And inversely, if Ψβ(Rβ , t) has a form (28), the
Fourier-transform of Ψβ(Rβ , t) will be equal to
∞∫
−∞
dtΨβ(Rβ , t) exp[iEt/h¯] =
const · exp[−Eτn/2h¯+ iEtn/h¯+ Eminτn/2h¯]
(29)
whih is proportional to the amplitude (23).
For zβ > Rβ it is possible to rewrite (3) in a following way:
Ψβ(zβ , t) =
∞∫
Emin
dE′fnαβNβ exp(ikzβ)g(E
′)·
· exp[−E′τn/2h¯+ iE′(tn − t)/h¯].
(30)
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If the narrow energy spread (∆E << E), using the funtion (19) for g(E′) and introduing a new variable
y′ =
√
ih¯(t− tn − iτn/2)
2mβ
[k − mβzβ
h¯(t− tn − iτn/2)], (31)
instead of (16), one nally obtains:
Ψβ(Rβ , t) =
 0, for zβ > ν(t− tn − t
0
in);
const · exp[ikr − iE(t− tn − t
0
n − iτn/2)
h¯
−∆EA(t)], for zβ ≤ ν(t− tn − t0in).
(32)
with
A(t) = [t− tn − t0n − zβ/ν − iτn/2]/2h¯
after the transformations similar to those whih were made for obtaining (17) and (20). The ross setion,
dened by the formula (21), will have an exponential form:
σαβ = |fαβ |2 = const · exp(−Eτn/h¯). (33)
When T∼αβ or fαβ has a more general form like
fαβ =
ν∑
n=1
fnαβ exp[−Eτn/2h¯+ iEtn/h¯]. (34)
with several terms (ν = 2, 3, . . .), the ross setion σαβ = |fαβ|2 ontains not only exponentially dereasing
terms but also osillating terms with fators cos[E(t− tn′)/h¯] and sin[E(t− tn′)/h¯].)/ ℄. In the ase of two terms
(ν = 2) in (34) formula (33) pass to a kind
σαβ = |f1αβ|2 exp(−Eτ1/h¯) + |f2αβ |2 exp(−Eτ2/h¯)
+2Re{f1αβf2αβ · exp[iE(t1 − t2)/h¯− E(τ1 + τ2)/2h¯]}.
(35)
(where the terms with ∆E are negleted if the onditions ∆Etn << Eτn and ∆Eτn << Etn are supposed).
3 COMPOUND NUCLEI PROPERTIES WHICH CORRESPOND
AND DO NOT CORRESPOND TO TIME RESONANCES.
3.1. COMPOUND-NUCLEUS DECAY EVOLUTION IN THE REGIONOF A TIME RESONANCE.
The ompound-nuleus surviving evolution (at instant t during the life and deay after the formation) an
be desribed by the following funtion:
Lc(t) = 1−
t∫
t0
dtI(t) (36)
where I(t) is dened by (10). The initial point t0 of time owing seems naturally to be hosen at moment t
0
in,
thus supposing t0in = 0. However, the unertainly δt = h¯/∆E of the initial wave paket duration before the
ollision must be taken into aount. So t0 ∼= t0n − δt = −δt = −h¯/∆E.
In the region of an isolated energy resonane the funtion I(t) is desribed by exponential formula (11) and
the funtion Lc(t) is also an exponential one: Lc(t) = 1−
t∫
t0
dt(Γ/h¯) exp(−Γt/h¯) = exp(−Γt/h¯).
In the region of a time resonane (28) the funtion Lc(t) is essentially non-exponential even at the approximation
t0 = 0. The qualitative form of L
c(t) an be illustrated with the help of the very simplied examples, using (28)
at a very narrow interval near t = tn , and also for all values of t, when
jβ(Rβ , t) = Re[Ψβ(Rβ , t) · (ih¯/mβ) · lim
zβ→Rβ
δΨ⋆β/∂(zβ, t)/∂(zβ)]
∼= ν|Ψβ(Rβ , t)|2 (37)
where ν is dened by the integral theorem about the average value, namely by the relation
∞∫
Emin
dEνA exp(−Eτn/2h¯) = ν
∞∫
Emin
dEA exp(−Eτn/2h¯) (38)
5
(ν here appeared after applying (12)). Then
I(t) =
jβ(Rβ , t)
+∞∫
−∞
dtjβ(Rβ , t)
∼= [(t− tn)
2 + τ2n/4]
−1
+∞∫
−∞
dt[(t− tn)2 + τ2n/4]−1
=
= (τn/2pi)
1
(t− tn)2 + τ2n/4
(39)
and
Lc(t) = 1− (1/pi)[arctan(y)] y = 2(t− tn − t0)τn
y = 2(2t0)τn
(40)
Sine the urve arctan(y) has the form whih is illustrated by Fig. 1, in the ase of 2t0/τn → −∞ (τn are small)
the funtion Lc(t) has a form, depited in Fig. 2 (urve 1).
Fig. 1: The funtion arctan(y) for 2t0/τn → −∞
Fig. 2: Lc(t) (urve 1) and I(t) (urve 2).
In this ase
Lc(t) = 1− pi[arctan(2(t− tn − t0)τn)− pi/2] (40a)
Lc(t) =
{
1, when t = 0 (with tn + h¯/∆E →∞) and
0, when t→∞ (40b)
From the simple form of Fig.2, one an see that tn an be interpreted as the Poinare period of internal motions
in the ompound nuleus (after its formation and before its deay) when tn >> τn. Suh behavior of L
c(t) was
investigated in [14,16,18℄. If one will take into aount the ompound-resonane struture of Tαβ expliitly, the
strongly non-exponential form of Lc(t) and I(t), like depited in Fig.2, will take plae for the ase of strongly
overlapped energy resonanes when
ΓJSΠ ≪ NJSΠ/2piρJSΠ (41)
(ΓJSΠ and ρJSΠ are the mean resonane width and level density, NJSΠ is the number of open hannels, JSΠ
being total momentum, spin and parity quantum numbers respetively). The ompound-nuleus deaying small
probability for t < tn (inside the Poinare yle) an be understood as a onsequene of the multiple internal
transitions between the strongly non-orthogonal wave funtions of the meta-stable states in the region of the
strongly overlapped energy resonanes.
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In the ase of a several time resonanes, it an signify the superposition of several strongly overlapped
energy-resonane groups with dierent values of JSΠ of the same ompound nuleus or the formation of several
partial ompound nulei with various numbers of partiipating nuleons.
3.2. A POSSIBILITY OF EXPLAINING A TIME-RESONANCE STRUCTURE OF AMPLITUDES
FOR MANY CHANNELS AT THE RANGE OF OVERLAPPED ENERGY RESONANCES.
How an explain manipulations with the omparatively smooth energy behavior of expressions (23) and (34)
for Tαβ or fαβ whih orrespond to time resonanes and also to experimental data on ross setions, although
really the amplitudes are strongly utuating in the region of a lot of the overlapped energy resonanes with
extremely high densities? At rst sight , in the region of high energies the energy resonane struture has to vanish
not only beause of the "smoothing"by energy spreads (sine ∆E >> ΓJSΠ, ρ
−1
JSΠ) but also de fato beause of
the strong dereasing of the probability of the formation of intermediate long-living multi-nuleon states. The
ompound-resonane density is very fast inreasing with energy, beginning from low-energy well-resolved energy
resonanes where various versions of the Fermi-gas model with shell-model and olletive-model orretions are
rather suessful. Only near 30-40 MeV/nuleon in the ompound-nuleus system one an expet saturation
eets and further the strong dereasing. However, just for these energies, resonanes of another nature an
appear. These resonanes are onneted with loal exitations of long-living intermediate multi-quark-gluon
states of baryon subsystems (see [24℄).
Let us onsider the possibility of above-mentioned explaining the time-resonane struture of amplitudes
attentively, limiting ourselves by onsidering only the partial JSΠ-amplitudes T JSΠαβ = δαβ−SJSΠαβ , SJSΠαβ being
S-matrix element.
For suiently high energies, if one neglets bound-state, anti-bound-state and threshold singularities, the
S -matrix an be desribed by the following analyti expression [14-18, 25℄:
Ŝ = Û ŜresÛ
T , Ŝres =
∏
n
(I − iΓnP̂n
ε− εn + iΓn/2) (42)
where the indexes JSΠ are omitted for the simpliity, the unitary bakground (non-resonant) matrix U and the
resonane projetion matrix P̂n (P̂n = P̂n
+
= P̂n
2
, Trae P̂n = 1)slowly hanging with the total energy ε or are
almost independent on ε , ÛT being the matrix transposed to Û . Under the simplest Baz'-Newton onditions
(see [14-18℄) when utuations of P̂n an be negleted (P̂n =< P̂ >), the S -matrix (42) aquires the following
form :
Ŝ = Ŝb − â(1−
∏
n
ε− εn − iΓn/2
ε− εn + iΓn/2) (43)
with Ŝb = ÛÛ
T
and â = Û < P̂ > ÛT . The energy-averaged S -matrix < Ŝ >∆ε is [14-16℄
< Ŝ >∆ε= Ŝb−â[1−exp(−piΓ/ρ)] for unresolved resonanes (∆E >> ρ−1,Γ) and utuating (or ompound-
nuleus) S -matrix Ŝc is
Ŝc = Ŝ− < Ŝ >∆ε= â[
∏
n
ε− εn − iΓn/2
ε− εn + iΓn/2 − exp(−piΓρ)] (44)
Let us repeat that Ŝb and â are almost independent on energy (slowly hanging with energy). For strongly
overlapped resonanes when piΓρ >> 1
Ŝc → â
∏
n
ε− εn − iΓn/2
ε− εn + iΓn/2 (44a)
and the energy-averaged ompound-nuleus ross setion < σcαβ >∆ε is evidently proportional to |aαβ |2:
< σcαβ >∼< |Scαβ |2 >∆ε= |aαβ |2 (45)
(here and below we ontinue omitting indexes JSΠ). If the initial energy of projetiles is xed and therefore
the total energy ε is also xed (with the auray ∆ε) the ross setion (45) an be rewritten in the form
< σcαβ >∆E ∼ < |Scαβ |2 >∆ε = < |aαβ |2 >∆ε ∼= | aαβ |2 (45a)
where ∆E is dened by ∆ε and the energy resolution of the detetor of nal fragments.
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As it is shown in [18, ref.1℄, see also [14℄ the orrespondent to (45)-(45a) energy-averaged ompound-nuleus
time delay and variane of the ompound-nuleus delay distribution are dened by the following general relations
< τcJSΠik >=< |ScJSΠik |2 > h¯
∂ argScJSΠik
∂E
/ < |ScJSΠik |2 > (46)
and
DτcJSΠik =
h¯2 < (∂|ScJSΠik |/∂E)2 >∆E
< |ScJSΠik |2 >∆E
+
h¯2 < |ScJSΠik |2(∂ argScJSΠik /∂E)2 >∆E
< |ScJSΠik |2 >∆E
− < τcJSΠik >2
(47)
respetively (energy E is the nal-fragment kineti energy).
Before using (46)-(47) we shell derive the sum rule onnets the ompound-nuleus mean time delay,
the variane of the ompound-nuleus time-delay distributions with the main ompound-nuleus resonane
harateristis.
For the simpliity here and further we omit in all the formulas the indexes JSΠ.
After a series of transformations of Trae R̂ with utilization of the relation
d
dE
∑
k
SikS
∗
ik = 0, (48)
following diretly from the dierentiation of the unitarity relation
∑
k
= 1 for the S -matrix, one an obtain suh
relation
TraceR̂ = h¯2{
∑
ik
[(
dTik
dE
)2 + |Tik|2(d argTik
dE
)2] + i
∑
ik
[
d argTik
dE
d|Tik|2
dE
+ |Tik|2 d
2 argTik
dE
] + i
∑
i
d2Im Sii
dE2
},
(49)
where Tik = δik − Sik is now the element of the partial T -matrix.
By averaging relation (49) on the energy spread of wave pakets in the initial hannel, one an write
< TraceR̂ >=
∫ |g(E)|2 TraceR̂ dE∫ |g(E)|2dE , (50)
where the weight funtion |g(E)|2 is normalized by the ondition ∫ |g(E)|2dE = 1.
Integrating the term with
d2 argTik
dE2
by parts in (50), one an easily be onvined that the seond sum
∑
ik
in (50) for smooth weight funtions |g(E)|2 vanishes and an onsequently be ignored. Moreover, the sum ∑
i
in (50) an also be negleted sine it is a quantity of the order of at least (∆E)−1 as it an be easily seen after
integrating (espeially for the retangular form of |g(E)|2. Thus, in this approximation one an write
< TraceR̂ >= Re < TraceR̂ >= h¯2
∑
ik
[< (
dTik
dE
)2 > + < |Tik|2(d argTik
dE
)2 >], (51)
As one an see from the expressions (5)-(6) for the ollision duration variane Dτik (here for the partial ollision
variane with the omitted index J ), with suiently large ollision durations, one an rewrite relation (51) in
the form
Re < TraceR̂ >=
∑
ik
[Dτik + < τik >
2] / < |Tik|2 > . (52)
Now we shall study R̂ and < TraceR̂ >, using the Simonius representation (42) of the S -matrix (as usually here
omitting the indexes J ). Sine, evidently, < TraceR̂ >=< TraceR̂res > with R̂res = −h¯2Ŝres(d2Ŝres/dE2) and
Ŝres =
n∏
ν=1
(1− iΓνP̂ν
E − Eν + iΓν/2) it is suient to study R̂res.
The prinipally simple but rather bulky alulations give
TraceR̂res = −2ih¯2
∑
m
Γm · TraceP˜m
[(E − Em)2 + Γ2m/4](E − Em − iΓm/2)
+
+ 2h¯2
∑
m′<m
ΓmΓm′ · TraceP˜m · P˜m′
[(E − Em)2 + Γ2m/4][(E − Em′)2 + Γ2m′/4]
,
(53)
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where P˜m = ŝmP̂mŝ
∗
m, ŝm =
m−1∏
ν=1
(1 − iΓνP̂ν
E − Eν + iΓν/2) , with ŝmŝ
∗
m = 1 , ( P̂m is also a projetor sine
it is a unitary transform of the projetor P̂m ) and we have used the relations TraceP̂m · P̂m′ = TraceP̂m′ ·
P̂m, T raceP̂m · P̂m′ · P̂m = TraceP̂m′ · P̂m , whih are the evident onsequenes of the trae yliity and
projetor properties. In order to analyze TraceP̂m · P̂m′ we shall use the representation adopted in [18℄,
(P̂m)νν′ = xm,ν · x∗m,ν , (54)
with
n∑
ν=1
|xm,ν |2 = 1 . Then
(P˜m)νν′ = (ŷm)ν · (ŷ∗m)ν′ , (55)
where (ym)ν =
∑
ν′
sm,νν′ · xm,ν′ and
n∑
ν=1
|(ym)ν |2 = 1.
Therefore P˜m = 1 and TraceP˜mP˜m′ beomes TraceP˜m · P˜m′ = |
∑
ν
Amm′,ν |2, where
Amm′,ν = (ŷm)ν · (ŷ∗m′)ν . Hene
0 < TraceP˜m · P˜m′ = |
∑
ν
Amm′,ν |2 ≤ 1, (56)
Rewriting (53) in the averaged (on the energy spread of wave pakets in the initial hannel) form
< TraceR̂res >= Re < TraceR̂res >= {−2ih¯2
∑
m
Γm
[(E − Em)2 + Γ2m/4](E − Em − iΓm/2)
+
+ 2h¯2
∑
m′<m
ΓmΓm′ · TraceP˜m · P˜m′
[(E − Em)2 + Γ2m/4][(E − Em′)2 + Γ2m′/4]
} >,
(57)
we get
<
∑
m
(−2ih¯2)Γm
[(E − Em)2 + Γ2m/4](E − Em − iΓm/2)
>≈
≈
+∞∫
−∞
dε
D
(−2ih¯2)Γ
[ε2 + Γ
2
/4](ε− iΓ/2)
=
4pih¯2
DΓ
,
(58)
< 2h¯2
∑
m′<m
ΓmΓm′ · TraceP˜m(E) · P˜m′(E)
[(E − Em)2 + Γ2m/4][(E − Em′)2 + Γ2m′/4]
>≈
≈ 2h¯2 Γ
2
D
2
+∞∫
−∞
dε
ε∫
−∞
dε′
(TraceP˜ (ε, E) · P˜ (ε′, E))
[ε2 + Γ
2
/4][ε′2 + Γ
2
/4]
=
= 2ih¯2
Γ
2
D
2
+∞∫
−∞
dε
[ln
ε+ iΓ/2
ε− iΓ/2](TraceP˜ (ε, E)P˜ (ε
′
c, E))
[ε2 + Γ
2
/4]
=
=
2ih¯2
D
< (TraceP˜ (εc, E)P˜ (ε
′
c, E)) >
+∞∫
−∞
dε
[ln
ε+ iΓ/2]
ε− iΓ/2] ]
[ε2 + Γ
2
/4]
=
=
4pi2h¯2(TraceP˜ (εc, E0)P˜ (ε
′
c, E0))
D
2
,
(59)
where P˜ (εc, E), P˜ (ε
′
c, E), P˜ (εc, E0) and P˜ (ε
′
c, E0) are the values of P˜m and P˜m′ at points εc, ε
′
c and E0 dened
by the integral theorem around the average value, namely by the relations
ε∫
−∞
dε′
P˜ (ε′, E)
ε′2 + Γ/4
= P˜ (ε′c, E)
+∞∫
−∞
dε′
1
ε′2 + Γ/4
, (60)
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+∞∫
−∞
dε
< TraceP˜ (ε, E)P˜ (ε′c, E) >
ε2 + Γ/4
ln
ε+ iΓ/2
ε− iΓ/2 =
=< TraceP˜ (ε, E)P˜ (ε′c, E) >
+∞∫
−∞
dε
ln
ε+ iΓ/2
ε− iΓ/2
ε2 + Γ/4
(61)
and
< TraceP˜ (ε, E)P˜ (ε′c, E) >=
∫ |g(E)|2TraceP˜ (ε, E)P˜ (ε′c, E)dE∫ |g(E)|2dE =
= TraceP˜ (ε, E)P˜ (ε′c, E)
(62)
respetively.
In order to obtain relations (58) and (59), we also used the residues Cauhy theorem for integrals∮
C0
f(ε)
ε− iΓ/2 and
∮
C0
f(ε)ln(ε∓ iΓ/2)
ε± iΓ/2 dε
f(ε) being an analytial funtion in the upper or lower half-plane of the omplex values of ε whih vanishes over
the half-irles Γ± with the innitely large radius ; the ontours C0, C1 and C+ are represented in Fig.3 (the
ontours γ− and γ+ on the edges of the uts near the branh points of ln(ε± iΓ/2) are outside the integration
ontours). If one uses an analytial funtions D(Em) in the ontinuum approah instead of the mean spaing
D, the results do not hange when one uses the approximation D(Em ± iΓm/2) = D.
Fig. 3: Figure 3...
Of ourse, the ontinuum approximation is justied only for averaging over ∆E >> ρ−1.
For statistially equivalent hannels withN >> 1 (N →∝ ) in the random-phase approximation (for Amm′,ν),
we shall make the following approximate evaluation
TraceP˜m · P˜m′ −→ TraceP˜ (ε, E0) · P˜ (ε′c, E0) ≈
∑
ν
1
N2
=
1
N
. (63)
Substituting the expressions (G.58) and (G.59) in (G.57), we nally obtain
Re < TraceR̂res >∼= 4pih¯
2ρ
Γ
+ 4pi2h¯2ρ2
M
N
, (64)
with
M
N
≡ TraceP˜ (ε, E0)P˜ (ε′c, E0)
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whih is equal to 1/N in the random-phase approximation for the statistially equivalent hannels with N >> 1
(N →∝).
Then, using again the JSΠ indexes, we obtain the following form of relation (64):
Re < TraceR̂JSΠres >= 4pih¯
2ρJSΠ/ΓJSΠ + 4pi2h¯2(ρJSΠ)2MJSΠ/NJSΠ (65)
Finally, omparing (G.52) with (G.65), we an write∑
ik
[DτJSΠik (E)+ < τ
JSΠ
ik (E) >
2]/ < |T JSΠik (E)|2 >= 4pih¯2ρJSΠ/ΓJSΠ+
+4pi2h¯2(ρJSΠ)2MJSΠ/NJSΠ,
(66)
In general, the quantity MJSΠ/NJSΠ utuates between 0 and 1 (see relation (56) and an be used as
an empirial parameter desribing hannel-hannel orrelations between resonanes (more preisely, between
resonant projetion matries P̂m).
Now, for the study the ompound-nuleus proesses, we shall use the relations (omitting indexes JSΠ)
d|Tk|
dE
=
|T cik|
Tik
d|T cik|
dE
+
2
|Tik| [Re < Tik >
dReT cik
dE
+ Im < Tik >
dImT cik
dE
] (67)
and
d arg Tik
dE
=
|T cik|2
|Tik|2
d arg T cik
dE
+
dImT cik
dE
Re < Tik > −dReT
c
ik
dE
Im < Tik >
|Tik|2 (68)
From relations (67) and (G.68), it follows that
(
d|Tik|
dE
)2 + |Tik|2(d arg Tik
dE
)2 = [(
d|T cik|
dE
)2 + |T cik|2(
d arg Tik
dE
)2]. (69)
Hene, we an easily transform the sum rule (66), using (46), (47), (67), (68) and (69), into the form∑
ik
[Dτ
c(JSΠ)
ik (E)+ < τ
c(JSΠ)
ik (E) >
2]/ < |T c(JSΠ)ik (E)|2 >= 4pih¯2ρJSΠ/ΓJSΠ+
+4pi2h¯2(ρJSΠ)2MJSΠ/NJSΠ.
(70)
In the approximation of the statistially equivalent hannels for whih the relation∑
k
< |T c(JSΠ)ik (E)|2 > ∼= 1− exp(−2piρJSΠΓJSΠ/NJSΠ) (71)
is valid and all < τ
c(JSΠ)
ik (E) > are equal to
< τ
c(JSΠ)
ik (E) >=
2pih¯ρJSΠ
NJSΠ[1− exp(−2piρJSΠΓJSΠ/NJSΠ)] , (72)
all (< τ
c(JSΠ)
ik (E) >)
2
are also equal to eah other. For the ase of weakly overlapping resonanes, when
ΓJSΠ << NJSΠ/2piρJSΠ,
< τc(JSΠ) >= h¯/ΓJSΠ and Dτc(JSΠ) = (h¯/ΓJSΠ)2 = (< τc(JSΠ) >)2,
i.e., in total agreement with [13,15℄ the ompound-nuleus deay law is, on average, exponential.
For the ase of strongly overlapping resonanes, when ΓJSΠ >> NJSΠ/2piρJSΠ ,
< τc(JSΠ) >= 2piρJSΠ/NJSΠ and Dτc(JSΠ) ≈ (2pih¯ρJSΠ/NJSΠ)2 ≪ (τc(JSΠ))2 (73)
hene also in agreement with [14,16,17℄ the ompound-nuleus deay law is strongly non-exponential, i.e. is a
time resonane (explosion).
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4 COMPARISON WITH SOME EXPERIMENTAL DATA.
For analysis of observed experimental spetra of a single nal fragment one has to sum (or average) the
expressions like (33) and (35) over the subsets of nal states (with dierent quantum numbers JSΠ, orbital
quantum numbers L et) and hannels, sometimes oherently (see[25℄) and usually inoherently. It does not
matter and does not hange the nal expressions if we make the simplifying assumption that all the involved
amplitudes have the same E -dependene for the both |fαβ | and arg fαβ . In partiular, for inlusive energy
spetra of the k -th nal fragment we shall use the following expression:
σinc,k(Ek) = |
2∑
n=1
Cn exp[(itn − τn/2)Ek/h¯]|2 =
=
2∑
n=1
|Cn|2 exp(−Ekτn/h¯)+
+2ReC1C2 exp{[i(t2 − t1)− (τ2 + τ1)/2]Ek/h¯}
(74)
In Fig. 4-7 some alulated inlusive energy spetra σinc,k(Ek), in arbitrary units and in semi-logarithmi
sale, are presented in omparison with the experimental data from [4,6,8,9,11,12℄. At the pitures the experimental
data are the points, and the theoretial data are the urves.
Fig. 4: Inlusive proess p + C → Be7 (2.1 GeV protons); the experimental points are taken from [11℄. a) C1= 0.04,
C2= 0.36 (θ = 90
◦
); b) C1= 0.35, C2= 0.05 (θ = 160
◦
)
Fig. 5: Inlusive proess Ne20 + Al → p (393 MeV nuleons); the experimental points are taken from [6℄. a) C1= 0.2,
C2= 5.8 (θ = 90
◦
); b) C1= 5.8, C2= 0.2 (θ = 150
◦
)
In Fig.4-7, θ is the deteted angle of the k -fragment emission.
The values of τ1, τ2 and t2 − t1, whih were found from tting the theoretial urves with the experimental
data, are presented in Table 1.
If in [8℄ the attempt was made to seek the same one-two time resonanes for a wide region of energies e and
total numbers of nuleons involved in ollisions, we had searhed the same one-two time resonanes only for the
same (or almost the same) energy exitations of the same (or almost the same) ompound systems (nulei or
lots). And only the ontributions C1 and C2 were varied for various emission angles and fragment masses.
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Fig. 6: Inlusive proess He4 + t → p (720 MeV nuleons); the experimental points are taken from [8℄. a) C1= 0.18,
C2= 1.02 (θ = 60
◦
); b) C1= 1.13, C2= 0.07 (θ = 90
◦
)
Fig. 7: Inlusive proess Ne20 +Ul → p (1045 MeV nuleons); the experimental points are taken from [8℄. a) C1= 0.35,
C2= 5.65 (θ = 90
◦
); b) C1= 5.65, C2= 0.35 (θ = 150
◦
)
Fig. 8: Inlusive proess Ar40 + V 51 → p (41 MeV nuleons); the experimental points are taken from [9℄. a) C1= 0.002,
C2= 0.03 (θ = 97
◦
); b) C1= 0.03, C2= 0.022 (θ = 129
◦
)
Reation Projetile energy, Gev/nul τ1, 10
−23sec τ2, 10
−23sec t2 − t1, 10−22sec
p+ C → Be7 2.1 10.45 17.0 5.95
Ne20 +Al → p 0.393 0.1 0.99 1.7
He4 + Ta→ t 0.72 1.72 3.15 1.22
Ne20 + U → p 1.045 0.92 1.7 1.72
Ar20 + V → p 0.041 7.5 9.0 0.20
Xe132 +Au→ p 0.044 6.0 7.0 1.0
Ne20 + U → p 0.4 1.7 2.2 0.10
Ne20 + U → d 0.25 4.2 7.2 0.10
Table 1: . The parameters of time resonanes for some inlusive spetra.
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Sine the slope of energy spetra notieably inreases with inreasing angle, it signies that the inreasing
ontribution of ompound-nuleus states with larger values of tn and τn is onneted with the formation of a
heavier ompound nuleons with a less veloity (in the laboratory system). This agrees with the observed in
[1,3,6℄ phenomena of more distint osillations for intermediate emission angles.
May be for the lightest ompound system (p+C), presented here, the superposition of a diret proess (i.e.
n = 0 instead of n = 1 ) and a time resonane (n = 2 ) is taking plae beause the dierene t2 − t1(0) is larger
than usual.
5 CONCLUDING REMARKS
Here was developed the phenomenologial time-evolution approah, whih is based on general properties of
time-energy transformations and general results of joint time and statistial energy-resonane analysis of nulear
reations, obtained earlier in [14-18℄, even without taking the formal onsiderations, developed in [8,13℄ as, in a
ertain degree, a ontinuation of that analysis - and a further development of the time-operator formalism seems
to be very useful for elaborating the mirosopi models of time evolution of high-energy ollision proesses with
utilizing onrete properties of time operators, anonially onjugated to ompound-nuleus Hamiltonians. At
the same time, relative to our opinion, presented here time-resonane (explosion) phenomenologial desription
an also be ombined with any semi-mirosopi model, in partiular, elaborated on the base of the reball or
intra-nulear asade models.
In setion 3 the ertain situations at the range of strongly overlapped ompound-resonanes were revealed
(in partiular, onditions piΓρ ≫ 1 and (49), then piρΓ/N ≫ 1 et) when one an observe one or several time
resonanes (explosions) in the ross setions de fato. So, time resonanes (explosions) an appear only on the
base of strongly overlapped standard energy ompound-resonanes as a partiular phenomenon. It is worth to
mark that the only lear experimental indiation for appearing of a time resonane (explosion) is the exponential
dereasing of inlusive energy spetra (with some osillations at the ase of several oherent time resonanes
[for the same involved amplitudes℄).
At present, beause of somewhat unlear (rigidly in pratie) validity of the onditions (49) and even (52)-
(53) it is now diult to onlude unequivoally, basing on seleted good results of tting in Figs 3-4, if the
time resonanes are really existing or not. However, the time-resonane (explosion) phenomenon is a rather sane
hypothesis. Further, we need more aurate and preise experimental data for a ertainty in the presene of real
osillations but not of random dispersions and errors of measurement results.
As to the dependenes of the ross setions and inlusive energy spetra on the deteted angle of the nal
fragment emission, in general, one an expet the same piture as for typial ompound-nuleus proesses, with
some partiular exeptions like the following. It seems that a ertain experimental indiation for the existene of
time resonanes an be seen in the phenomena of the steeper energy dereasing in spetra for the larger emission
angles θ and of the more distint osillations in spetra for the intermediate (between the minimal and maximal
experimental values) emission angles θ in the laboratory system whih are observed in [1-6℄. Nevertheless, one
has to onsider that for small angles the last osillation peak in spetra (for the largest energies E ) an be
onneted with the pure kinematial eet of diret or peripherial proesses in the laboratory system. But at
least one very important onlusion we an already state - about a new kind of analysis: joint time-evolution
and statistial energy-resonane approah for the study of dependenies of energy-resonane densities, widths
and numbers of open hannels from JSΠL and E for unresolved (and onsequently unobservable) ompound-
nuleus energy resonanes, and also for the study of possible diret-proess ontributions. As to dependenies
from JSΠL, one an hope that the investigation of energy spetra for various emission angles will be useful.
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